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ENERGY EXCHANGE I N  TKE COLLISION O F  PARTICLES 
WITH A SOLID WALL 

ABSTRACT 

A t  a higher l e v e l  of sophis t ica t ion  than heretofore ,  the  
problem of a gas atom or diatomic molecule s t r i k i n g  a s o l i d ,  
surface i s  analyzed and calculated on a computer. A c las-  
i c a l  mechanical model is  used, represent ing the so l id  a s  a 
s t r a i g h t ,  e f f ec t ive ly  i n f i n i t e l y  long (10 l i n k s ) ,  head-on 
atomic chain. 
be e i t h e r  e l a s t i c  coupling or a Lennard-Jones po ten t i a l .  
The conditions f o r  stopping, capture, and back-scattering 
of t he  inc ident  p a r t i c l e  a r e  ascer ta ined.  The case when 
the  outermost ( sur face)  atom of the  chain i s  an adsorbed 
d i s s imi l a r  atom i s  analyzed. 
e a r l i e r  data ,  reveal ing s ign i f i can t  discrepancies.  

The binding of the chain atoms i s  assumed t o  

The r e s u l t s  a r e  compared with 

The problem of energy exchange i n  the c o l l i s i o n  of a molecule (or atom) 
with a l i n e a r  atomic chain i s  invest igated.  The equations of motion i s  solved 
f o r  the  system of p a r t i c l e s  forming the  l i n e a r  chain and impingent molecule. 
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The following q u a n t i t i e s  a r e  determined f o r  various values of t he  i n i t i a l  
energy and mass of t h e  impingent p a r t i c l e :  
t i c l e  ve loc i ty  a f t e r  c o l l i s i o n ,  the threshold values of t he  p a r t i c l e  capture 
energy (adsorption model), degree of v ibra t iona l  exc i t a t ion  of t he  back- 
sca t te red  p a r t i c l e .  

the  asymptotic values of t h e  par- 

There i s  a long h i s to ry  behind the  attempts t o  account t heo re t i ca l ly  f o r  
t he  in t e rac t ion  of gas p a r t i c l e s  with the  surface of a so l id  and the  associated 
ca lcu la t ions ,  f o r  example, of the  accomodation coe f f i c i en t ;  t h i s  problem has 
recent ly  begun t o  enjoy a r ev iva l  of i n t e r e s t  ( r e f s .  1 t o  3 ) .  

I n  reference 4 ,  which appears t o  be one of the  f i r s t  on the  subject ,  t he  
phenomenon i s  t r ea t ed  simply a s  the  e l a s t i c  c o l l i s i o n  of r i g i d  spheres. Later 
on, more rigorous methods were brought i n t o  the ca lcu la t ions ,  spec i f i ca l ly  the  
t o o l s  of quantum mechanics. 
t a ined  i n  a paper by Frenkel '  ( r e f .  5 ) ;  i n  t h a t  work he demonstrated the  iden- 
t i c a l  correspondence of t he  r e s u l t s  of t he  c l a s s i c a l  and quantum descr ipt ions 
of t he  in t e rac t ion  between heavy gas p a r t i c l e s  and a s o l i d  surface.  In  the 
concluding port ion of the  paper, recommendations a r e  given f o r  a more r e a l i s t i c  
descr ip t ion  of the  in t e rac t ion  between a surface and a p a r t i c l e  s t r i k i n g  it. 
I t  was proposed, i n  p a r t i c u l a r ,  t h a t  nonlinear terms be included i n  the  expres- 
s ion f o r  t h e  forces  of i n t e rac t ion  of l a t t i c e  atoms of the  s o l i d  a s  wel l  a s  t h e  
gas p a r t i c l e  with the  outer  ( sur face)  l a t t i c e  atoms. In  l i g h t  of t h i s  recom- 
mendation, t he  following r a t iona le  f o r  describing the  e f f e c t  suggests i t s e l f .  

A review of the  work done p r i o r  t o  1938 i s  con- 

*Numbers i n  the  margin ind ica t e  pagination i n  the  o r i g i n a l  foreign t ex t .  



The so l id  i s  approximated by a l i n e a r  chain of e l a s t i c a l l y  (or otherwise) cou- 
pled,  i n i t i a l l y  s t a t iona ry  atoms. The c o l l i s i o n  takes  place along t h e  a x i a l  
l i n e  of t he  chain (head-on); when t h i s  happens, the  impingent p a r t i c l e  can be 
e i t h e r  an "atom"or a "molecule." The motion of t he  p a r t i c l e s  i s  described . 

with in  the  framework of c l a s s i c a l  mechanics; a f t e r  wr i t i ng  the  s e t  of equations 
of motion f o r  t he  p a r t i c l e s  and specifying t h e  i n i t i a l  conditions,  t h i s  system 
can be solved by computer techniques. 

Figure 1 shows t h e  system of p a r t i c l e s  under consideration, a s  we l l  a s  t he  
nota t ion  convention used t o  designate the  fo rces  ac t ing  between them. The 

r 

Figure 1 

i n t e r a c t i o n  of t he  f i r s t  two p a r t i c l e s ,  numbered 0 and 1, of the  upper chain i s  
described by the  Lennard-Jones po ten t i a l :  

and t h e  atoms of t h e  chain a r e  connected by the  e l a s t i c  forces  

( the  numbering of t he  p a r t i c l e s  i s  given i n  f igu re  1; E 

t i a l  parameters, K i s  t h e  e l a s t i c  constant of t h e  cha in) .  
t he  in t e rac t ion  of t h e  f i r s t  and second (1, 2 )  atoms of t h e  chain is described 
by the  p o t e n t i a l  

and (Tare  t h e  poten- 1 
For t he  lower chain, 

These p a r t i c l e  systems enable us, by va r i a t ion  of t he  i n i t i a l  conditions and 
forces ,  t o  analyze the  following spec ia l  problems: 
atom with a uniform chain of e l a s t i c a l l y  coupled atoms; b )  c o l l i s i o n  with a 
nonuniform chain (simulating c o l l i s i o n  via an adsorbed atom); e )  head-on c o l l i -  
sion of a nonrotating v ib ra t iona l ly  excited and a nonexcited diatomic molecule 

a )  t he  c o l l i s i o n  of an 
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with a linear uniform chain. We write the equations of motion for the parti- 
cles in a coordinate system rigidly attached to the initial position of the 
chain: 

I Here M, m 1' m are the masses of the particles (fig. l), j is the number of A&. 
atoms in the chain and is chosen equal to ten. Below, we consider collisions 
unaccompanied by capture, so that for j = 10 the chain turns out to be equiva- 
lent to a chain of infinite length, since the perturbation cannot propagate to 
the distant atoms within the period of interaction. 

The set of equations (4) reduces to a set of first-order equations (ref. 2) 
containing the parameters 

The parameter 1 gives the initial energy of the impingent particle: - 

-2 The dimensionless parameters CY 
sponding to van der Waals bonds in the former case and to the interatomic bonds 
in the molecule or crystal in the latter; the lattice constant awas chosen 
equal to u in the Lennard-Jones potential, a step that is justified by the real 
values of these parameters. 
the set of equations numerically for different values of the parameters p, l-, a. 

were set equal to 10 - 10-3 or 1, corre- 
1, 2 

Electronic computer equipment was used to solve 

In discussing the results, we first note that it would obviously be unrea- 
sonable to demand that the analytic model yield the true values of the para- 
meters, such as the accommodation coefficient; rather, we are looking at this 
point for indications as to the nature of the interaction, the influence of the 
controlling parameters, the dynamics of the collision, etc. The numerical 
values of these quantities have to be obtained by the simpler and more reliable 
expedient of experiments performed under suitable conditions. 
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Two var i an t s  were used i n  the  ana lys i s  of an atom s t r i k i n g  the s t a t iona ry  
chain: i n  the  f i r s t  var ian t ,  the  outermost atom was assumed t o  be coupled 
e l a s t i c a l l y  with i t s  neighbor (upper chain, f i g .  l), i n  the  second va r i an t  
(lower chain, f i g .  1) th i s  coupling was described by the  Lennard-Jones poten- 
t i a l  (a2 = 1). 

The c o l l i s i o n  dynamics f o r  the  case a2 = 1, p2 = 1, bl = 0.5 is  i l l u s -  

t r a t ed  by the  typ ica l  curve shown i n  f igu re  2 f o r  the  veloci ty  of t he  imping- 
enyand t a r g e t  p a r t i c l e s  a s  a function of time (E 2.5, 12 .5 ,  and 2 5 ~ ~ ) .  o =  

Figure 2 

The time i s  p lo t t ed  on the  horizontal  a x i s  ( i n  u n i t s  of' u/u ),  the  reduced 0 
instantaneous ve loc i ty  (u/u ) on the  v e r t i c a l  ax is ;  the  upper half-plane 

corresponds t o  v e l o c i t i e s  directed toward t h e  chain, the  lower half-plane t o  
ve loc i t i e s  d i rec ted  away from the  chain. 

0 

The heavy so l id  curve gives  the time dependence of the  veloci ty  f o r  t he  
s t r i k i n g  ( f i r s t )  p a r t i c l e ,  t he  f i n e  th in  curve i s  f o r  the s t ruck p a r t i c l e .  

An ana lys i s  of t h i s  kind of data leads t o  t h e  following conclusions. I n  
the case when the  outermost atom i s  e l a s t i c a l l y  coupled, f o r  impact between 
p a r t i c l e s  with a reduced massp  0.1, 0.5 and an i n i t i a l  energy E no 

g rea t e r  than 0.2515 

takes  place. Consequently, the  c r i t i c a l  capture energy E '  s l i g h t l y  exceeds 
0 . 2 5 ~ ~  and 2 . 5 ~ ~ '  respect ively.  For,ul = 1, i .e . ,  wi th  equal masses f o r  the 

impingent p a r t i c l e  and outermost atom of the  chain,  capture of the impingent 
w i l l  almost always occur. 
creased above the  c r i t i c a l  capture value, the  in t e rac t ion  gradually changes 
over t o  the corresponding pairwise e l a s t i c  c o l l i s i o n  of the pa r t i c l e s .  The 
dependence of the accommodation coe f f i c i en t  a! on the  parameter 1, which rep- 
resents  the reduced i n i t i a l  energy of t he  impingent p a r t i c l e  (Pl = 0.4), i s  
given i n  f igu re  3,  showing the t r a n s i t i o n  mentioned above. 

1 =  0 
and 2 . 5 ~ ~ ~  respect ively,  capture of the impingent p a r t i c l e  1 

A s  the  energy of the  impingent p a r t i c l e  i s  in- 
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Figure 3 

I n  the case when the  coupling of the  outermost atom with the  chain i s  de- 
l), s ign i f i can t  departures from 0 5 =  scr ibed by the  Lennard-Jones p o t e n t i a l  ( 

t he  dependences described above a r e  observed. For instance,  the  c r i t i c a l  
capture energies a r e  g rea t ly  reduced and, a s  an example, f o r p l  = 0.95 capture 

only occurs when E 5 2 . 5 5  ; f o r  p 

c o l l i s i o n  occurs, whereas f o r  p 1 -  
back-scattered p a r t i c l e  considerably exceeds the  value f o r  e l a s t i c  c o l l i s i o n  
of r i g i d  spheres of t he  same mass ( f i g .  2 ) .  
the  nature  of the  forces  binding the  atoms i n  the  chain has a very strong in-  /126 
fluence on the  behavior of the energy exchange i n  co l l i s ion .  

- 0.1 and Eoz1.2561, pairwise e l a s t i c  
0 1 -  

- 0.5 and E o 1 2 . 5 E l j  the  f i n a l  veloci ty  of the  

From t h i s  i t  may be concluded t h a t  

The r e s u l t s  of the  ca lcu la t ions  f o r  the  model of an "adsorbed" outermost 

atom (lower chain of f igu re  1 with a! = a2 = o r  a2 = show t h a t  

f o r  p1<p2 and s u f f i c i e n t l y  high energies,  the  c o l l i s i o n  i s  e l a s t i c ,  whereas 

f o r p l  =p2 ,  ins tead  of t he  impingent atom being stopped and captured, it i s  

r e f l ec t ed  with a f a i r l y  high ve loc i ty  (-3.3% f o r  Eo225C2). 
a l s o  demonstrate t he  possible  "strippingIt  of t he  adsorbed atom and capture of 
the implngent atom. 

1 

The ca lcu la t ions  

A comparison of these r e s u l t s  with data obtained ana ly t i ca l ly  f o r  a 
similar model ( r e f s .  2 and 3 )  br ings  out important d i f fe rences  i n  the r e s u l t s .  
F i r s t ,  extrapolat ion of the  r e s u l t s  of reference 2 and 3 t o  l a rge  i n i t i a l  
energies  leads  t o  values f o r  the  lo s ses  d i f f e r e n t  from those corresponding t o  
pairwise e l a s t i c  c o l l i s i o n  (see f i g .  3 of r e f .  2 ) .  Second, reference 2 gives  
the  following numerical values f o r  the  c r i t i c a l  i n i t i a l  energies  below which 
p a r t i c l e  capture should occur: E '  = 0.01~ f o r  p - 0.1, E '  = 2.39C1 for 

p1 = 0.5, E 

t h a t  these c r i t i c a l  values do not  describe the  capture process; f o r  example, 
for p1 = 0.5, 0.4 and E 

occurs. 

of the  i n i t i a l  energy if the atoms of the  chain are e l a s t i c a l l y  coupled. Final ly ,  
i f  w e  compare f igu re  3 of the  present  paper with f igu re  10 of reference 3 ,  it 
i s  apparent t h a t  i n  references 2 and 3 t he  accommodation coe f f i c i en t  becomes 
Constant f o r  very Small (-2 f o r b =  0.4) values or' - 1; $his i s  a l so  incompatible 
with t h e  resu l t s  obtained herein.  

1 1 -  
I 

= 2 4 . 5 ~ ~  f o r  p 1. The r e s u l t s  of our own ca lcu la t ions  show 1 =  

equal t o  2.516~ and 3.5~, ,  respec t ive ly ,  capture s t i l l  

1 -  

0 
F o r p l  = 1 and p - 0.9, capture takes  place f o r  e s s e n t i a l l y  any value 
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Summarizing t h e  r e s u l t  obtained, t h e  following i s  evident.  For t h e  model 
under study, t h e  e f fec t iveness  of t h e  energy exchange i n  c o l l i s i o n  with rela- 
t i v e  energies  exceeding t h e  energy of physical  adsorpt ion ( E  ) i s  determined 

i n  the  main by t h e  nature  of t h e  forces  ac t ing  Sjetween t h e  atoms of t h e  chain 
and depends only s l i g h t l y  on t h e  form of the  po ten t i a l  curve of i n t e r a c t i o n  
between t h e  impingent and outermost chain atom (although t h e  c r i t i c a l  capture 
energy i s  sensitive t o  t h e  form of t h e  curve). The discrepancy i n  the  resu l t s  
f o r  t he  f i rs t  and second va r i an t s  suggests t h e  p o s s i b i l i t y  t h a t  t he  energy (or 
momentum) imparted t o  t h e  t a r g e t  can be s i g n i f i c a n t l y  reduced by comp- a i  son 
with the  value f o r  pairwise e l a s t i c  co l l i s ion .  

1 

Consider now t h e  c o l l i s i o n  of a v ib ra t iona l  unperturbed 'nonrotating d ia -  
tomic molecule with a l i n e a r  chain of atoms. This problem i s  of possible 
i n t e r e s t  i n  connection with t h e  following. 

The experimental determination of t he  energy lo s ses  i n  a number of cases 
presupposes t h e  p o s s i b i l i t y  of neglect ing the  i n t e r n a l  degrees of freedom. 
The r e s u l t s  of a ca lcu la t ion  f o r  t he  most favorable case of a head-on c o l l i s i o n  
gives an est imate  of t he  pe rmis s ib i l i t y  of t h i s  neglect.  Moreover, i n  t h e  lit- 
e ra tu re  deal ing with t h e  t h e o r e t i c a l  ana lys i s  of c o l l i s i o n  between p a r t i c l e s  
and a so l id  surface,  t he re  i s  an almost t o t a l  lack of papers i n  which mole- 
cu lar  c o l l i s i o n  i s  considered. 
i s  mainly concerned with an inves t iga t ion  of t he  s t a t i s t i c a l  problem of re lax-  
a t i o n  of t he  i n t e r n a l  degrees or' freedom i n  t h e  capture of molecules by the  
suyface. A su i t ab le  ca lcu la t ion  would provide an est imate  of t he  contr ibut ion 
f?om the  i n t e r n a l  degrees of fl-eedom t o  t h e  energy exchange i n  co l l i s ion ,  as 
well  as a means f o r  inves t iga t ing  t h e  c o l l i s i o n  dynamics. 

The only paper ( r e f .  6) t r e a t i n g  t h i s  problem 

I n  the  scheme under consideration, a molecule i s  "produced" by s i t u a t i n g  
two atoms ( f ig .  1,) a t  a dis tance such t h a t  t he  forces  of m u t u a l  a t t r a c t i o n  and 
repuls ion j u s t  cancel one another (d i s soc ia t ion  energy equal t o  E 

Thus bound, t h e  atoms have imparted t o  them a ve loc i ty  u 
d i rec ted  toward t h e  chain; our t a sk  i s  t o  t r a c e  the  va r i a t ion  of t h e  v e l o c i t i e s  
of the atoms i n  t h e m o l e c u l e  with time. 
the  parameters 

=21°0E2) 
(where +Muo = k&-~,)(127 0 

The following values a re  assigned t o  

The r e s u l t s  of t he  ca lcu la t ion  a r e  shown i n  f igu re  4 (using the  same no- 
t a t i o n  as before) ;  t he  heavy curve corresponds t o  t h e  atom of  t he  molecule 
nearest  the  chain, t he  t h i n  l i n e  t o  the  atom f a r t h e s t  from t h e  chain. The 
dependence of t he  r e l a t i v e  values of t he  t o t a l  r e s idua l  energy (E /E ) and 

energy given over t o  the  k b r a t i o n a l  mode (E /E ) on the  parameter -. 1/100 
1 0  

2 0  
(p1 = 0.2) i s  shown i n  f igu re  5 ( the  sca le  f o r  E /E i s  reduced by 1/2).  2 0  
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Figure 4 

Figure 5 

1’ A s  evident from f igu re  5, up  t o  i n i t i a l  energies  E of  t he  order 0.OlE 

t he  impingent molecule i s  captured. Beyond t h i s  l i m i t  t he  energy loss 
approaches t h e  value corresponding t o  pairwise e l a s t i c  co l l i s ion ,  i . e . ,  the  
t h i n  curve of f igu re  5. The gain i n  v ib ra t iona l  energy r i s e s  s teeply,  begin- 
ning with E = 2 . 5 ~ ~ .  

0 

Dissociat ion does not s e t  i n  u n t i l  E - 1 5 ~ ~ .  0 0 

The ca lcu la t ion  f o r p l  = 0.45 p red ic t s  capture of  the  molecule f o r  a l l  

i n i t i a l  energy values. The r e s u l t s  imply t h e  following conclusions. 

The t o t a l  energy l o s s  i n  t h e  c o l l i s i o n  of  a molecule of moderate ve loc i ty  
(EO--el) with a l i n e a r  chain c lose ly  corresponds t o  e l a s t i c  impact of a s t ruc-  

t u r e l e s s  (e.g., spher ica l )  p a r t i c l e  of  t h e  same m a s s ;  t he  deviat ion rrom t h i s  
value increases  somewhat as the  energy of t he  inc ident  molecule increases .  

7 



The v ib ra t iona l  energy acquired by the  back-scattered molecule i n  c o l l i s i o n  
increases  subs tan t ia l ly ,  beginning with an i n i t i a l  energy-cP. The frequency 

of t he  v ibra t ions ,  a s  expected f o r  an anharmonic o s c i l l a t o r ,  diminishes some- 
what with increasing energy. 
n a l  degrees of freedom of t h e  molecule only s l i g h t l y  a f f e c t s  t he  t r a n s f e r  of 
momentum (and, hence, t h e  res i s tance  under conditions of molecular f r e e  flow) , 
whereas the  exchange of energy (accommodation coef f ic ien t )  i s  more s ens i t i ve  t o  
the  exc i ta t ion .  

The r e s u l t s  ind ica te  t h a t  exc i t a t ion  of t h e  i n t e r -  

The resul ts  of t he  computations show t h a t  i n  the  energy range of p rac t i ca l  
i n t e r e s t ,  t he  influence of t h e  v ib ra t iona l  degrees of freedom of molecules on 
t h e  energy exchange proves t o  be qui te  small. I n  t h i s  case,  t he  i n t e r n a l  de- 
grees of freedom do not provide a s u f f i c i e n t l y  e f f ec t ive  energy sink and need 
not be taken i n t o  account, f o r  instance i n  determining t h e  energy balance of 
r ap id ly  moving bodies i n  a severely r a re f i ed  atmosphere. 

The author i s  g ra t e fu l  t o  P.V. Zaikin, who par t ic ipa ted  i n  the  calculat ions,  
and t o  A . I .  Osipov f o r  a discussion of t he  r e s u l t s .  
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